Cyanogenic glucosides are natural compounds found in more than 1000 species of angiosperms that produce HCN and are deemed undesirable for agricultural use. However, these compounds are important components of the primary defensive mechanisms of many plant species. One of the best-studied cyanogenic glucosides is dhurrin [(S)-p-hydroxymandelonitrile--D-glucopyranoside], which is produced primarily in sorghum [Sorghum bicolor (L.) Moench]. The biochemical basis for dhurrin metabolism is well established; however, little information is available on its genetic control. Here, we dissect the genetic control of leaf dhurrin content through a genome-wide association study (GWAS) using a panel of 700 diverse converted sorghum lines (conversion panel) previously subjected to pre-breeding and selected for short stature (~1 m in height) and photoperiod insensitivity. The conversion panel was grown for 2 yr in three environments. Wide variation for leaf dhurrin content was found in the sorghum conversion panel, with the Caudatum group exhibiting the highest dhurrin content and the Guinea group showing the lowest dhurrin content. A GWAS using a mixed linear model revealed significant associations (a false discovery rate [FDR] < 0.05) close to both UGT 185B1 in the canonical biosynthetic gene cluster on chromosome 1 and close to the catabolic dhurrinase loci on chromosome 8. Dhurrin content was associated consistently with biosynthetic genes in the two N-fertilized environments, while dhurrin content was associated with catabolic loci in the environment without supplemental N. These results suggest that genes for both biosynthesis and catabolism are important in determining natural variation for leaf dhurrin in sorghum in different environments.
D
hurrin [(S)-p-hydroxymandelonitrile--Dglucopyranoside] is a cyanogenic glucoside produced by sorghum and related species (S. halepense, and S. almum), primarily in the leaves and in varying concentrations in leaf sheaths and culms (Rhykerd and Johnson, 2007) . It is the precursor of prussic acid, or HCN, which can cause livestock poisoning. If present in appreciable quantity, dhurrin in forage sorghum fed to livestock can cause sudden death due to cyanide poisoning resulting from hydrolysis of dhurrin into HCN (Rhykerd and Johnson, 2007) . However, dhurrin actually exists as a bound, nonpoisonous metabolite in sorghum tissue. As a plant metabolite, dhurrin is thought to play an important role during the growth and development of sorghum. Examples of dhurrin's role include defense against insect hervibory (Krothapalli et al., 2013) , as a storage source of nitrogen, and as an osmoprotectant (Busk and Møller, 2002) . Recently, Burke et al. (2013) observed significant variation in leaf dhurrin content among sorghum cultivars differing in pre-and post-flowering drought tolerance, providing evidence that the metabolite can act as an osmoprotectant when sorghum is exposed to limited water.
Dhurrin can be considered a model metabolite for understanding the biochemistry of cyanogenic glucosides, thus a wealth of information on the biochemical pathway for dhurrin synthesis and degradation is available in the literature. Briefly, dhurrin is synthesized from tyrosine and involves the participation of three enzymes that convert the amino acid to intermediates and then ultimately to the final product, dhurrin (Kahn et al., 1997; Busk and Møller, 2002) . The initial steps of the dhurrin biosynthesis involve two membrane-bound P450 enzymes, CYP79A1 and CYP71E1, and a third soluble glycolsyltransferase, UGT85B1 (UDP-Glc p-hydroxy mandelonitrile glycosyltransferase; Busk and Møller, 2002) . On the catabolic side of the pathway, dhurrin can be metabolized to release HCN and form the products 4-hydroxybenzyladlehyde and 4-hydrophenylacetic acid by action of the enzymes -hydroxynitrile lyase and dhurrinase 1 or 2, respectively. Transcriptional regulation of the biosynthetic section of the pathway was previously reported, and induction by nitrogen fertilization in older plants was observed (Busk and Møller, 2002) . It is hypothesized that genetic variation contributes to differential dhurrin content among sorghum cultivars, as evidenced by a number of studies indicating distinct quantitative differences (Gillingham et al., 1969; Gortz et al., 1987; Burke et al., 2013) . However, to date there is limited information on the genetic control of dhurrin content in sorghum.
Association mapping, or linkage disequilibrium mapping, is a recently developed genomic tool being applied to plant germplasm community resources and populations to detect genomic regions (quantitative trait loci, QTLs) or specific genes that are associated with traits of interest. In contrast to traditional biparental genetic mapping, association mapping takes advantage of allelic diversity in combination with recombination history in a set of diverse germplasms or natural populations (Brown et al., 2008) . Since association mapping employs diverse germplasm, detection of various QTLs for different traits can be accomplished with high resolution in a single study, providing greater efficiency and cost savings (Breseghello and Sorrells, 2006) . However, association studies must account for various factors, including population structure and kinship, that can result in spurious associations (Morris et al., 2013) . With the advent of new and efficient genotyping technologies that provide high-density single nucleotide polymorphisms (SNPs) such as genotyping by sequencing, association mapping is an attractive tool for dissecting the genetic control of traits. In sorghum, association mapping was initially employed to study carbohydrate metabolism (Hamblin et al., 2007) and was shown to be an efficient method for mapping plant height QTLs by Brown et al. (2008) . Genome regions associated with grain quality were reported by Sukumaran et al. (2012) , and the identification of natural alleles that condition tannin production was reported by Wu et al. (2012) . Also, association mapping was applied to dissect maturity and plant-height loci in a sorghum minicore collection and for the identification of lossof-function phenotypes for flavonoid pigmentation traits (Morris et al., 2013) .
Genetic and phenotypic variation is highly prevalent in sorghum. A great challenge is to capture useful variation from exotic germplasm and integrate it into elite lines that can be deployed for the development of hybrids. An example of a research project that aims to capture desirable traits from exotic sorghum is the sorghum conversion program. The latter is a continuing research effort initiated between the USDA and Texas A&M University to introgress day-neutral, early-flowering alleles and dwarfing alleles into photoperiod-sensitive tropical germplasm from a common donor (Stephens et al., 1967) . The conversion panel consists of diverse working groups of sorghums, and were classified on the basis of descriptors for sorghum race classification by Harlan and de Wet (1972) . The working group assignment of each entry in the panel was derived from a previous morphological classification conducted by the late Texas A&M University sorghum breeder Dr. Darrell Rosenow. To date, there are over 820 fully converted tropical germplasm lines available.
The objectives of this study include determination of the nature of overall variation for dhurrin content in a panel of converted sorghums and dissection of the genetic mechanisms for the sorghum cyanogenic glucoside dhurrin. Association mapping strategies were applied here to better understand the genetic control of dhurrin content in sorghum leaves using a set of 700 germplasm lines of the U.S. conversion panel. We present the identification of significant SNPs that condition dhurrin content across various working groups of sorghum and dynamics of associated genes and SNPs for dhurrin content under variable N environments.
MATERIALS AND METHODS

Germplasm Materials, Cultural Practices, and Environments
The sorghum conversion panel consisting of 700 conversion lines (SC Lines) were grown and evaluated for this study. The lines selected for this study represent the extensive genotypic and phenotypic variation found within Sorghum bicolor. This conversion panel also contains all major working group classifications of sorghum (Harlan and de Wet, 1972) .
A total of three environments were used in this study. Plants were grown at the Cropping Systems Research Laboratory Experimental Farm, Lubbock, TX in 2011 (2011 USDA) under sub surface drip irrigation at a rate of 6 mm day Aridic Paleustalfs) and similar climatic conditions during the growing season based on 2013 weather-station data (http://www.srh.noaa.gov/lub/; http://www.lbk.ars. usda.gov/WEWC/weather-pswc-data.aspx). The 2013 TAES location was furrow irrigated three times to provide ample soil moisture in addition to precipitation but received no preplant or in-season fertilizer application. There was no evidence of moisture stress in both 2013 sites. The conditions for sorghum cultivation for the 2013 USDA location were similar to those for 2011 USDA.
Seeds were planted at 70 seeds per plot and were sown in a single row with a John Deere MaxEmerge planter modified for small-plot research at a depth of 8 cm. A plot was defined as 5.5 m in length. In 2011, the test was grown in one location. For the 2011 and 2013 USDA environments, supplemental fertilizer was applied through subsurface drip irrigation at a formulation of 30-0-0, with a total in-season nitrogen application of 200 kg ha −1 .
Dhurrin Analysis
Direct measurement of leaf dhurrin content was determined from the youngest fully expanded leaf of 40-to 45-d-old plants (7-8 leaf stage). The experiment was conducted with five replicate plants per germplasm entry in each environment. Briefly, five leaf disc punches from five random and representative plants within a plot were collected for analysis. Leaf dhurrin from five 1-cm punches per set of five replicate plants were extracted in 1 mL 80% ethanol at 60C for 1 h followed by a 5-min incubation at room temperature. The extract was centrifuged at 10,000 rpm for 10 min, and 400 L supernatant was transferred into a clean Eppendorf tube and dried by vacuum centrifugation in a Savant SpeedVac SVC100 set to the low drying rate. The dried-down supernatant was redissolved in 0.2 mL deionized water and centrifuged at 10,000 rpm to separate remaining undissolved particulates. Some of the supernatant (100 L) was transferred to high performance liquid chromatography (HPLC) vials for analysis. The amount of dhurrin was analyzed with a VP Series HPLC system fitted with a SIL-10AD autoinjector and an evaporative light scattering detector-LT (Shimadzu, Columbia, MD). Samples equivalent to 50 to 200 g were separated on a 4.6 by 250 mm YMC Polyamine II column (Waters, Milford, MA) with a mobile phase of 75% acetonitrile in water (vol/vol) at a flow rate of 1.5 mL min −1 . Dhurrin was identified by its retention time in comparison with the corresponding dhurrin standard. Quantification of dhurrin concentration was calculated using a standard curve. Dhurrin concentration was expressed as the mean of five technical replicates for each of the five plants sampled per plot.
Genotyping by Sequencing
To obtain SNP data from the sorghum conversion lines, five seedlings per line were grown in the dark, and the etiolated tissue was sampled into 96-well plates for DNA extraction with a modified cetyltrimethyl ammonium bromide (CTAB) protocol (Thurber et al., 2013) . DNA was quantified using PicoGreen diluted to 25 ng l −1 , and 250 ng from each line was used to perform two separate double digests: PstI-HF with HinP1I, and PstI-HF with BfaI. Barcoded adapters were ligated to restricted DNA, which was then pooled, bead-cleaned using AMPURE XP beads, amplified for 15 to 18 cycles with Phusion polymerase, and bead-cleaned again. The resulting libraries were quantified again with an Agilent DNA 1000 chip run on a Bioanalyzer 2100 before submission to the UIUC's Keck Center for single-end, 100-bp sequencing on the Illumina HiSeq instrument. The TAS-SEL GBS pipeline (Glaubitz et al., 2014 ) was used to process Illumina fastq files and call SNPs using version 2.1 of the Sorghum bicolor reference genome (Paterson et al., 2009) , which is available at Phytozome (www.phytozome. net). Imputation of missing data was performed with Beagle 4 (Browning and Browning, 2007) .
Association Mapping
Marker-trait association was performed on both raw and transformed phenotypes using 44,341 SNP genotypes with minor allele frequencies greater than 10%. Raw phenotypes consisted of the mean dhurrin concentrations of each inbred line in each environment separately (2011 USDA, 2013 USDA, 2013 TAES) and the mean of each inbred's normalized values across all three environments (ALL). Raw phenotypes were box-cox transformed in R (R Core Team, 2013) using lambda values of 0.1, 0.06, 0.34, and 0.42 for phenotypes from each of three environments and across all environments (ALL), respectively, where a lambda of 0 represents a log transformation and a lambda of 1 represents linear (no) transformation. Marker-trait association was performed with the Genome Association and Prediction Tool (GAPIT; Lipka et al., 2012) . Population structure was modeled with a kinship matrix calculated using the default VanRaden algorithm, and mixed linear models (MLMs) rather than the default compressed MLMs (CMLMs) were performed for each trait by setting the group.from and group.to parameters equal to the number of lines in the dataset. The CMLM is faster than the more conservative MLM, but we observed that CMLM-based clustering and SNP associations were sensitive to differences in the minor allele frequency cutoff. The MLM qqplots suggested that these models achieved very good control of type I errors using only the kinship matrix to model population structure, so no fixed-effect covariates were used.
In silico Genomic Analysis of the Dhurrin Pathway
The canonical biochemical pathway for dhurrin metabolism has previously been reported (Møller, 2010; Gleadow and Møller, 2014) , and the major genes for biosynthesis and catabolism are well known ( Figure S1 ). To establish possible candidates for comparing GWAS results, genes corresponding to the enzymes specific for dhurrin biosynthesis and catabolism were mapped in silico using the latest draft and annotation of sorghum genome, v 2.1 (www.phytozome.net, accessed 15 June 2014).
RESULTS
Variation in Dhurrin Content in Sorghum Conversion Panel
A wide range of variation and significant differences were observed for leaf dhurrin among the 700 lines of the sorghum conversion panel (Supplementary Table 1 ). The mean leaf dhurrin content among all entries was 45.5 g cm −2 (Fig. 1A) . The minimum and maximum dhurrin concentrations were 7.4 g cm −2 and 185.1 g cm −2 , respectively (Fig. 1B) . The frequency distribution for dhurrin content was skewed to the left (Fig. 1A and 1B) .
We observed that germplasm in the Caudatum working group of the Caudatum race contained the highest leaf dhurrin content, while intermediate levels were found in the Durra and Bicolor working groups (Table 1) . The lowest leaf dhurrin contents were observed in the Guinea and Kafir groups (Table 1) . We also compared dhurrin levels across environments (USDA against TAES) and found that at the USDA location, the germplasm entries exhibited higher dhurrin levels than at the TAES location. Upon further investigation between the two environments, we identified that the two sites had different N applications, with the USDA sites receiving large amounts of N during the growing season and the TAES location receiving none (Supplementary Table 2 ). This substantial difference in N application rate was later verified by soiltest results showing that the USDA location has a 23% higher soil N content than the TAES location after harvest (data not presented). The USDA and TAES locations both contain the same soil type and experienced similar climatic conditions throughout the growing season. Other than N application, no obvious differences were observed between the two environments. 
Genomic Map of Sorghum Dhurrin Biosynthetic and Catabolic Genes
Mining of the sorghum genome sequence v2.1, which incorporated the latest annotation data (www.phytozome. net), showed that the three biosynthetic genes implicated in dhurrin synthesis occur in a cluster on chromosome 1 from Chr1:1031535 to Chr1:1149561 ( Fig. 2A) . The three genes are separated by large intergenic regions approximately 35.6 kb in size. Furthermore, two dhurrinase (-glycosidase) genes implicated in catabolism of dhurrin were localized on sorghum chromosome 8 between Chr8:13351340 to Chr 8:13746145 (Fig. 2B) .
Association Mapping and Identification of SNPs
Significant associations for dhurrin content in three environments tested are listed in Table 2 and are depicted graphically as Manhattan plots in Fig. 3 . Three significant SNPs were found to be associated with dhurrin biosynthesis in all three environments: 2011 USDA, 2013 USDA and 2013 TAES (Table 2) . A single SNP locus at Sb Chr 1:1160147 was found to be significant across all three environments evaluated (Table 2 ). This locus was found to have a combined p value of 6.6 × 10 −6 across the three environments and showed a distinct single peak in the overall Manhattan plot of the GWAS results. Identification of the significant SNP locus at Sb Chr1:1.16 Mb region is shown in Fig. 3B at the 2013 USDA location. The two other SNPs at Sb Chr1:1200433 and Sb Chr1:1213154 were found to be significant for the 2013 USDA location (Table 2) .
Additionally, 16 SNP loci from position 12,835,903 to 14,174,124 nucleotides on chromosome 8 were found significantly associated with leaf dhurrin content in the low-N 2013 TAES environment (Table 2) . Among the sixteen, seven SNP loci exhibited highly significant FDRcorrected p values (q < 1  10 −3
) and the most significant SNP was Sb Chr 8:13830942 (Fig. 4) . Figure 3 also depicts the overall trend of association of significant SNPs with biosynthetic and catabolic genes in the dhurrin canonical pathway with the mean dhurrin content (Fig. 3D-F) . In this analysis the members of the SC panel studied were grouped into four categories based on the presence (+) or absence (−) of the high-dhurrin allele at significant SNPs linked to the biosynthetic (Syn) and catabolic (Cat) loci. For both years, 2011 and 2013 at the USDA location, significant SNPs associated with the Syn branch of the pathway were identified (Fig. 3A and 3B ). Groups 3 (Syn + Cat − ) and 4 (Syn + Cat + ) displayed higher leaf dhurrin content (Fig. 3D and Fig. 3E ). For the 2013 TAES location, where all of significant SNPs for catabolic aspect of the pathway were identified, group 4 (Syn + Cat + ) displayed higher dhurrin content than three other groups (Fig. 3F) .
DISCUSSION
Genetic Variation in Leaf Dhurrin Content
In this study we identified a wide range of genetic variability for leaf dhurrin accumulation within the SC panel. Because dhurrin is known to play an active role as a plant herbivory defense compound (Krothapalli et al., 2013; Gleadow and Møller, 2014) , as well as other potential roles such as an osmoprotectant and an N storage compound, it could be an evolutionary advantage for many sorghums to contain elevated levels of dhurrin. Interestingly, when we screened multiple breeding lines commonly used as parents in commercial breeding programs, most lines were nearly devoid of dhurrin or were well below average levels seen in the SC panel (data not presented). Specifically, the US founder germplasm lines Caprock, Tx7078, Redlan, Wheatland, Plainsman, Early Hegari, Martin, Texas Blackhull Kafir, and CK60 all contained greatly reduced concentrations of dhurrin (data not presented). For all significant SNPs detected in this study, the alternate allele increased dhurrin content, indicating that the allele found in the BTx623 reference genome is the low-dhurrin allele. One explanation for reduced levels in these early founders could be that they were used for multiple purposes (i.e., grain and forage) and would have been selected for a low dhurrin content based on farmer experiences with HCN poisoning in livestock. Another explanation could be that the original founder lines were simply low in dhurrin to begin with due to the fact that many of the founder germplasms were milo × Kafir selections, two working groups with lower dhurrin concentrations. Any subsequent breeding lines derived from the original founders would most likely have been low in dhurrin. These first milo × Kafir improved lines, which were low in leaf dhurrin, became the major genetic base for adapted sorghum germplasm in the United States today. This study provides systematic and a direct measurement of leaf dhurrin content in each germplasm entry. In contrast to a number of reported studies that indirectly evaluated the cyanogenic potential as a measure of dhurrin content, the direct measurement of dhurrin as a metabolite applied in this work is highly compatible with the dissection of the genetic basis of the pathway.
Co-localization of Significant SNPs with Genes in the Canonical Pathway for Dhurrin Metabolism
The SNP most significantly associated with dhurrin content in the combined analysis and two of the three environments (Sb Chr1:1160147) lies 10.5 kb downstream of the gene UGT 85B1 (Sobic.001G012400), which codes for a cyanohydrin -glucosyl transferase (EC 2.4.1.85), the enzyme previously reported as rate-limiting for the biosynthesis of dhurrin (Busk and Møller, 2002) . This SNP was significant in all three environments evaluated in this study and is the closest SNP in our dataset to the UGT85B1 gene, the final enzyme in dhurrin biosynthesis (Thorsoe et al., 2005) .
It is, however, recognized that the SNP association with biosynthetic gene cluster is complicated by a number of nonsignificant SNPs that were closer to Sobic.001G012400, UGT 85B1 (Fig. 4) . These results could indicate detection of candidate genes that play an important role in metabolism and turnover of the dhurrin during growth and development that were not previously identified or studied. The two candidate genes close to the significant SNP are Sobic.001G012500, a putative gluthathione S-transferase, approximately 4 kb relative to the significant SNP, and Sobic.001G012600, a putative Mat E gene, which is about 8 kb relative to the significant SNP (www.phytozome.net). The gene Sobic.001G012500, a putative gluthathione S-transferase (GST) is of great interest because a GST enzyme is proposed as a plausible component of the turnover branch of the dhurrin pathway (Gleadow and Møller, 2014;  Fig. S1 ). The second gene, a putative Mat E gene is predicted to be involved in transmembrane transport and could potentially carry out transport of dhurrin to the vacuole. The current GWAS results reported here then expand the known cluster of genes involved in the dhurrin pathway from 50 to 70kb in sorghum Chromosome 1 (nucleotide positions 1047338 to 1060147).
Dhurrin catabolism leads to the production of a noxious HCN product (Fig. S1 ). However, in intact plants this part of the pathway is coupled with detoxification mechanisms that prevent accumulation of toxic HCN, allowing the plants to survive (Gleadow and Møller, 2014) . Dhurrin content in the 2013 TAES environment are associated significantly with SNPs close to known and predicted sorghum dhurrinases (-glucosidases; Sobic.008G080400, Sobic.008G079800, and Sobic.008G080600), but these associations were not significant at FDR < 0.05 for the 2011 USDA and 2013 USDA environments. The known dhurrinases in this region include Sobic.008G080400 (previously referred to as Sb08 g007610, a cyanogenic -glucosidase, in Krothapalli et al., 2013) and Sobic.008G079800. Four significant SNP loci within 150 kb of Sobic.008G080400 were identified here, and two significant SNP loci are approximately 5.5 kb from Sobic.008G079800. Interestingly, SNP locus Sb Chr8:13913475 is within a dhurrinase-like gene (Sobic.008G080600) not previously implicated in the dhurrin pathway. Further work is needed to characterize the molecular variants underlying these QTLs on chromosomes 1 and 8.
In this study, we identified SNPs associated with leaf dhurrin content that are closely linked to genes in the canonical biosynthetic and catabolic pathways for dhurrin metabolism. These results indicate that natural variation for genes encoding enzymes involved in synthesis and catabolism of dhurrin both play an important role in determining the level of dhurrin found in a given sorghum plant in a given environment. An interesting finding from this study is that phenotypes from one location (USDA) with abundant N application resulted in associations with genes for dhurrin biosynthesis, whereas phenotypes from the TAES location without N application (and lower actual soil N content) resulted in associations with genes for catabolic enzymes. Further studies are needed to understand the interaction of sorghum genetic variants and soil N in controlling leaf dhurrin content in sorghum.
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